Abstract-Recently, we have shown that hole conduction in polyethylene (PE) can be simulated with the aid of quantum chemical calculations without adopting any ad hoc parameters. In this contribution, we examine the applicability of the established theories of carrier conduction in conductors and semiconductors to electronic carrier conduction in various polymeric insulators by evaluating the Marcus parameters. As expected, it turns out that the electron and hole transfer in most polymers occur in the nonadiabatic hopping regime with the exception of electron transfer in PE. Thus the modeling approach developed in our studies to evaluate the hole transfer property in crystalline and amorphous PE can be utilized to investigate the electron and hole transfer characteristics in various polymers. In line with experimental findings, computed electron and hole hopping rates indicate that (1) the electron and hole mobility in polystyrene (PS) are comparable, (2) electrons are less mobile than holes in polytetrafluoroethylene (PTFE), and (3) the electron and hole mobilities in PS is larger than those in PE and PTFE. In addition, the results imply that the minor differences in the polymer structure can result in the large variation of carrier mobilities.
I. INTRODUCTION
Theoretical characterization of carrier transfer in polymers is necessary for tailoring the dielectric properties of polymeric insulators. Unfortunately, most studies were based on phenomenological or empirical models, and it had not been discussed from a quantum mechanical point of view. However, since the beginning of the 21th century, quantum chemical calculations have been utilized in order to clarify the carrier transfer properties in polyethylene (PE) [1] [2] [3] [4] . Although, the achievements provided some insights into the electronic structure of PE, the carrier transfer kinetics remained unclear. This is because multiple microscopic interactions (electronic coupling between charge localized states, interaction between excess charge and vibrational modes of molecules, the variation of the energies of charge localized states due to the disordered environment, thermal motion of molecules, and so on), that cannot be taken into account just by computing the electronic states, are at work. What is worse, in the case of carrier transfer in organic materials, the energy scales of the interactions are comparable [5] and one must choose the appropriate carrier transfer model for the system of interest.
Very recently, we have studied the hole transfer properties in crystalline and amorphous PE and showed that hole transfer in PE occurs in the non-adiabatic hopping regime, and that it can be described by the (non-empirical) Fermi's golden rule rate kernel. In addition, without adopting any phenomenological modes, we have computed the hole mobility by combining molecular dynamics simulations, kinetic Monte Carlo simulations, and quantum chemical calculations, and shown that the carrier mobility in amorphous as well as crystalline PE can be predicted with reasonable accuracy [6] [7] [8] . However, to this point, most studies have focused on PE [1] [2] [3] [4] [6] [7] [8] . In this contribution, carrier transfer properties in various polymers with more complex chemical structures are clarified with the aid of quantum chemical calculations.
II. COMPUTATIONAL PROCEDURE
The polymers studied (Polyethylene, syndiotactic polystyrene (PS), and polytetrafluoroethylene (PTFE)) are shown in Fig. 1 . We (A) investigate the electronic structure of each polymer, (B) determine the carrier transfer behavior by computing the energy scales of the microscopic interactions (vide infra), and evaluate the carrier hopping rates between polymer chains. In order to obtain a sensible electronic structure, the structure of polymers has to be determined with an atomistic resolution. In this study, we made use of the experimental crystalline structures, because standard density functional theory cannot correctly describe the van der Waals interaction [9] .
A. Evaluation of the electronic structure of polymer chains
As mentioned in section I, studying the electronic structure is a good first step in understanding the electrical properties of the material. One of the most common and the easiest ways of analyzing the electronic structure of a certain system is partial (projected) density of states (PDOS) analysis. The PDOS is evaluated from the definition in (1). The PDOS of the i th molecular orbital (MO) and A th atom are given by ( ) = ( − ) and
respectively. Here, p and q run over the basis function, εi is the orbital energy of the i th MO, G is the Gaussian function, and Qpq i = CpiCqiSpq, where S is the overlap matrix and Ci the molecular orbital coefficient vector of the i th MO. Note that the quantity Qpq i can be viewed as the Mulliken charge, which is decomposed into each MOs. The full width at half maximum of the Gaussian is set to 0.2 eV.
In this study, the PDOSs of various polymers are evaluated both for a single (isolated) polymer chain and a molecular cluster. As shown in Fig. 2 , the molecular cluster consists of 7 polymer chains: one polymer chain in the middle surrounded by 6 chains. We will refer to this bundle of polymer chains as the cluster model. The cluster model is similar to the "core-shell model" proposed in Ref. [2] . However, since we do not intend to mimic the amorphous nature, and because of the above mentioned drawbacks of DFT, we do not relax the core-shell structure, i.e., the relative coordination of polymer chains remains unchanged from that of the crystalline structure.
B. Computation of carrier hopping rates and determination of the carrier hopping regime
In the non-adiabatic carrier hopping regime, the carrier hopping rate can be evaluated by the Fermi's golden rule (FGR) rate kernel [10] . Because this hopping rate is derived from the time dependent perturbation theory, the rate kernel is applicable only when the interaction between the carrier localized states (electronic coupling) is small. By taking the high-temperature limit (kT >> ω) of the FGR rate, one obtains the Marcus rate kernel [10]
where k is carrier the hopping rate, φi and φf are the charge localized states before and after the carrier hopping, respectively, Hif is the electronic coupling, λ is the reorganization energy, ΔGif is the free energy difference. The electronic couplings are computed by the fragment orbital method [11] , and the reorganization energy is estimated by the four-point method [12] (see Refs. [6, 13] and references therein for details). We have shown in Ref. [7] that the high temperature limit is not a good approximation for evaluating the hole hopping rates in crystalline PE, and this is probably true for carrier transfer in many crystalline polymers. However, in this study, we will adopt the classical Marcus rate kernel, because it provides intuitive understanding, and in addition, quantitative evaluation of the carrier mobility is not in the scope of this work. The carrier transfer regime can be assessed by comparing the Marcus parameters; band-like conduction (H >> λ, ΔG), non-adiabatic (polaron) hopping (λ >> H), and disorder based hopping (ΔG>>H, λ) [14, 15] .
III. RESULTS AND DISCUSSION
All QM calculations were performed with the Gaussian 09 package [16] , at the B3LYP/DZVP level of theory in vacuum. Experimental structure of crystalline PE, s-PS, and PTFE are taken from Refs, [17] , [18] , and [19] , respectively. There are two crystalline forms of PTFE at ambient condition [19] , but we consider only the crystalline form IV in this study. The unit cell of PE, PS, and PTFE contains 2 PE chains with n = 1, 2 PS chains with n = 4, and 1 PTFE chain with n = 7.5 (15 carbon atoms), respectively, where n is the number of monomers.
The PDOS and MOs of a single polymer chain and the coreshell model are shown in Fig. 3 . The PDOS shows that the highest occupied molecular orbital (HOMO) of the single PE chain mainly originates from the carbon atoms, on the other hand, the lowest unoccupied molecular orbital (LUMO) mainly originates from the hydrogen atoms. This is also clear from the MOs; as pointed out in many studies [6, 20] , the HOMO of PE is strongly localized to the carbon atoms comprising the backbone of the chain whereas the LUMO is a continuum like state. The HOMO and LUMO and their orbital energies of the PS chain are similar to that of benzene (data not shown); the HOMO is a π-type orbital and the LUMO is a π * -type orbital. The features of the frontier orbitals of benzene are preserved in PS probably because the HOMO (LUMO) of benzene and PE (~the backbone of PS) differs by more than 1 eV, and there is little interaction between them. In the case of the single PTFE chain, the HOMO is a σ-like state with comparable contributions from carbon and fluorine atoms. The LUMO of PTFE, which mainly consists of the atomic orbitals localized at the carbon atoms, is strongly localized to the polymer chain compared to that of PE.
The PE cluster has lower LUMO as compared to the single PE chain. However, the orbital energies of PE cluster HOMO, PS cluster HOMO and LUMO, and PTFE cluster HOMO and LUMO are relatively unchanged from the single chain counterparts. This is because the interaction among the frontier orbitals (HOMOs and LUMOs) of the neighboring molecules (~electronic couplings) is small. In addition, the electrostatic interactions between the chains are small because PE, PS, and PTFE are essentially non-polar. With the exception of the PE cluster LUMO, the MO is strongly localized to the polymer chain, not only for single chains but also for cluster models. One might argue that the PE cluster HOMO is delocalized to several polymer chains. This seeming delocalization is due to the symmetry of the crystal (cluster model). For example, when two identical molecules are placed in vacuum, symmetrically with respect to a plane, the MOs of the dimer will be delocalized over the two molecules, irrespective of the distance between the molecules because all the states are degenerated. However, this seeming delocalization is easily destroyed by the thermal motion (~kT) of the polymer chains or the polaronic effect (~λ). Again, we can determine the extent of inter-molecular carrier delocalization by evaluating the Marcus parameters: strongly delocalized (H >> λ, ΔG, kT) and strongly localized (λ>>H and/or ΔG>>H and/or kT>>H). In line with experimental findings, the frontier orbital energies of PTFE are several eV lower than those of PE, and the HOMO-LUMO gap of PS is smaller than those of PE and PTFE [21] . Moreover, the orbital energies agrees well with experimental data [21] . Fig. 4 shows the chain length dependence of the Marcus parameters of PE, PS, and PTFE. According to our previous study of hole transfer in amorphous PE, the characteristic length of the carrier localized state is comparable to the Kuhn length, which is the characteristic length of the geometric structure of polymer chains. Thus, the Kuhn length of each polymer is also displayed in Fig. 4 . As shown in Fig. 4 , Marcus parameters are strongly dependent on the chain length. The reorganization energies decrease with increasing chain length in all cases. The inconsistent change in the electronic couplings with respect to the chain length is probably due to the terminal effect. As expected from the PDOS and MOs (Fig. 3(a) ), the electronic couplings for electron transfer between PE chains are extraordinarily large. Note that for this particular case, the computed electronic coupling is subject to considerable error because the interaction between the charge localized states is no longer weak. Hole transfer in PE and electron and hole transfer in PTFE occurs in the non-adiabatic hopping regime, because the relation λ >> H holds. Electron and hole transfer in crystalline PS would probably occur in the intermediate regime between band-like conduction and non-adiabatic hopping.
Computed carrier hoping rates between PE, PS, and PTFE oligomers whose lengths are comparable to their respective Kuhn lengths are collected in The measured carrier mobilities in fluorinated ethylene propylene (FEP), which has a similar molecular structure to PTFE, are comparable to or smaller than the μ h PE [26] . This, at first sight, may appear contradictory to our findings. Taking into consideration that the carrier hopping rate increases sharply with increasing chain-length [8] (Fig. 4) , this apparent discrepancy is presumably because the Kuhn length (~carrier localization length) of Teflon FEP is far shorter than that of PTFE due to the asymmetric polymer chain structure. 
IV. CONCLUSION
Carrier transfer properties in various polymers are studied with the aid of quantum chemical calculations. It was shown that carrier transfer in various polymeric insulators occurs in the nonadiabatic hopping regime. Although the model considered in this study was highly simplified, computed electron and hole hopping rates between polymer chains agreed qualitatively with the experimental observations. Moreover, the results indicated that the carrier transfer properties of polymeric insulators can be changed drastically by making a slight modification to the polymer structure. Fig. 4 . Marcus parameters and persistence length of (a) PE, (b) PS and (c) PTFE. The persistnce length of PE, syndiotactic PS, and PTFE are 6.5 [22] , 18.8 [23] , and 50 Å [24] , respectively. Note that the persistence length of atactic PS is 10 Å. Although, the electonic couplings between the core chain and all the surrounding chains are computed, only the largest value is shown for each case. 
